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doi:10.1016/j.jtcvs.2007.03.029bjective: Analysis of average and individual surgical performance for minimally
nvasive direct coronary artery bypass was used to enhance quality control for that
peration.
ethods: A total of 1441 standard minimally invasive direct coronary artery bypass
rocedures performed from August 1996 to January 2006 were analyzed for mor-
ality and 10 other major perioperative complications. Learning curves and assess-
ent of perioperative outcome were calculated using descriptive statistics and
umulative sum observed minus expected failure analysis for 8 involved surgeons
ith a personal experience ranging from 27 to 443 procedures.
esults: The incidence of in-hospital mortality was 0.9% and compared favorably
ith the predicted mortality calculated by the logistic EuroSCORE (3.6%, P .01).
umulative sum analysis revealed that 2 surgeons crossed the 95% reassurance
oundary after 50 operations and that 2 surgeons crossed the 95% reassurance
oundary after 100 operations. There were significant differences between surgeons
ith regard to the learning curves and perioperative complications (3.6%–29.6%, P
.01). Two surgeons crossed the 95% alarm-line indicating unacceptably high
ailure rates.
onclusions: Minimally invasive direct coronary artery bypass has become a procedure
ith low mortality and low complication rates, but results are case-load and surgeon
ependent. Cumulative sum analysis is a valuable method allowing for a breakdown of
omplication rates over time displaying individual surgeons’ strengths.
 
or several years, quality assurance has become increasingly important in c
surgery. De Leval and colleagues1 and Carthey and colleagues2 outlined the
importance of analysis of human factors in cardiac surgery and individual failure
nalysis. Minimally invasive direct coronary artery bypass (MIDCAB) grafting has been
erformed since 1996 in a standardized way at our institution. With the high number of
IDCAB procedures performed under similar conditions, it is not only possible to
escribe the outcome and complication rate of the procedure but also possible to
ompare individual surgeons’ performances and learning curves.
The usefulness of the sequential probability cumulative sum (CUSUM) technique to
nalyze surgical performance has been shown in recent publications. 3-6 It allows fo
etection of changes in perioperative mortality and morbidity during the patient care
rocess. It provides almost real-time monitoring of surgical performance if updated after
ach procedure.3 CUSUM analysis acknowledges the importance of individual exp
nce in monitoring performance and allows for easy charting of a learning curve with
egard to the incidence of perioperative complications. The charts are intuitively read-
ble, but care is needed to avoid misinterpretation.7 The CUSUM method is able 
emonstrate changes in the patient care process as a whole regardless of where these
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CDhanges originate. Comparing results between different sur-
eons often fails because of the case mix and the variety of
ariables influencing patient outcome. Several risk-adjusted
ethods have been suggested for this scenario. In this study,
o risk adaptation was used for the reasons outlined in the
iscussion.
With the quantity of MIDCAB operations at our institu-
ion performed under a standardized protocol (equal patient
rigin and patient selection, standardized surgical tech-
ique, identical postoperative management and medication),
e found the non–risk-adjusted methods most practical and
ufficient to evaluate and compare individual surgical per-
ormance over time.
aterials and Methods
rom August 1996 to January 2006, 1441 patients underwent
IDCAB at our institution following a standardized protocol. The
urgical technique has been described.8 Eight surgeons were in-
olved in the MIDCAB program, achieving a different level of
xperience ranging from 27 to 443 operations. Five surgeons
erformed more than 100 operations. Written and electronic files
f all patients were screened for demographic data, risk factors,
ntraoperative parameters, and postoperative short-term and long-
erm complications and outcome. All data were entered into a
atabase, and standard descriptive statistical and CUSUM analyses
ere conducted using Microsoft Office Excel (Microsoft Corp,
edmond, Wash) and SPSS 10.0 (SPSS Inc, Chicago, Ill).
USUM Analysis
umulative failure charts and their use have been de-
cribed.3-6 In this study, non–risk-adjusted cumulative o-
erved minus expected failure charts were used. The statis-
ical principles were adapted from the comprehensive
utorial by Rogers and colleagues.3 CUSUM was defined a
n  where Xi  1 for a “failure” (intraoperative conver-
ion, death, or any major complication as defined in T
) and as Xi  0 for a complete “success” (none of the
bove complications). The target value p0 was set to 0.1,
ndicative of an “acceptable failure rate” of 10% according
o previous publications4,5 and our own experiences wi
ff-pump coronary artery bypass surgery.
CUSUM curves, together with control boundaries, were
alculated and drawn according to the formulas shown in
he Appendix. The crossing of an upper boundary was
nterpreted as an increase of the failure rate to an unaccept-
bly high level of p1  0.2, whereby crossing the upper
Abbreviations and Acronyms
CUSUM  cumulative sum
MIDCABminimally invasive direct coronary artery
bypass0% boundary set off a mild alarm to the surgeon and o
64 The Journal of Thoracic and Cardiovascular Surgery ● Septerossing the upper 95% boundary gave reason for more
horough investigation. Crossing the lower 95% boundary
ed to the conclusion that the complication rate of the
articular surgeon was equal to or below the accepted rate
f p0. The curve moving in between the boundary lines
ndicated lack of statistic significance and triggered merely
urther monitoring (Figures E1, E2, and E3).
Whereas crossing the boundary lines is equivalent to a
ignificant result in statistical testing, the comparison be-
ween surgeons is merely visual.
esults
peration Times
edian operation times were between 100 and 138 minutes.
ne surgeon (surgeon E) reached a median operation time
ABLE 1. Definition of major complication
ajor Complication Definition
onversion Necessity for any intraoperative
conversion to sternotomy or use
of CPB
ortality Death in hospital or within 30 d
after the date of operation
yocardial infarction Postoperative myocardial infarction
as confirmed by ECG findings or
significantly high levels of CK/
CKMB
eintervention Necessity for postoperative
reintervention on the target
vessel
ABP/ECMO Necessity for use of IABP and/or
ECMO in low cardiac output
hythm disorder New onset of atrial fibrillation, need
for pacemaker implantation,
ventricular tachycardia, or
ventricular fibrillation
troke Permanent neurologic impairment
caused by stroke or intracerebral
hemorrhage
leeding Reoperation for bleeding usually
indicated when chest tube output
exceeded 1000 mL or x-ray
indicated hematothorax
enal Acute renal failure requiring
temporary hemofiltration
ulmonary Prolonged ventilation (24 h),
reintubation, and/or severe
pneumonia that prolonged
hospital stay
epsis Occurrence of sepsis or intestinal
ischemia
PB, Cardiopulmonary bypass; ECG, electrocardiogram; CK, creatine ki-
ase; IABP, intra-aortic balloon pump; ECMO, extracorporeal membrane
xygenation.f 61 minutes. There was a wide range from 40 to 350
mber 2007
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CDinutes, and the duration of a MIDCAB operation can
ardly be predicted. It was not possible to construct a
typical” learning curve with regard to operating time for
very surgeon. Some operators needed the same average
ime throughout their whole experience. For the 2 most
xperienced surgeons (surgeons B and F), the learning curve
or the operation time was calculated using logarithmic
egression and is shown in Figure 1.
The trend graphs confirm the presumed shape with a
elatively steep slope at the beginning. The individual op-
ration times are different, and the trend is only a rough
pproximation.
verall Complication Rate
he incidence of in-hospital mortality was 0.9% and com-
ared favorably with the predicted mortality calculated by
he logistic EuroSCORE of 3.6% (P  .01). The logistic
egression version of the EuroSCORE can be calculated
igure 1. Learning curves of operation time and logarithmic re-
ression trend lines.sing the same risk factors as those for the EuroSCORE a
The Journal of Thoracicalue. For a given patient, the logistic EuroSCORE predicts
he risk of perioperative mortality. (For further details, see
ttp://euroscore.org.) The need for reintervention in 4.0%
he patients seems to be relatively high and may partly be
xplained by the fact that during the first years approxi-
ately half of the patients (709 patients) underwent routine
ostoperative angiography for quality control during the
rst postoperative days. Thereby, some asymptomatic pa-
ients with a less then optimal surgical outcome were de-
ected, and, subsequently, repeat revascularization was
erformed.
Despite individual differences between surgeons, 3
tages of experience could be identified after analysis of
verage performance and individual learning curves (see
elow). After the “learning phase” (50 operations) peri-
perative mortality decreased from 1.1% to 0.4% (P 
204). At the end of the “intermediate phase” (up to 100
perations), the overall complication rate and need for re-
ntervention decreased from 12.7% to 7.1% (P  .001) and
.1% to 2.8% (P  .001), respectively. The following
expert phase” (100 operations) was characterized by few
omplications for most surgeons. The need for intraopera-
ive conversion to sternotomy decreased from 2.7% to 0.2%
P  .001) after 150 operations. Figure 2 shows the ave
ates of mortality, need for intraoperative conversion, need
or reintervention, and relative occurrence of any major
omplication with growing MIDCAB experience.
ndividual Surgeons’ Statistics
escriptive statistics are widely used to evaluate a sur-
eon’s individual performance. The total number of oper-
ted cases, the preoperatively mortality risk calculated with
he EuroSCORE, and the frequency of complications for
very surgeon are listed in Table 2. Although these stat
igure 2. Average development of the most important complica-
ion rates.re easily understood, they reflect only part of the truth.
and Cardiovascular Surgery ● Volume 134, Number 3 665
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CD articularly for surgeons with little experience (surgeons D
nd H), the mere percentage is of questionable statistical
alue and may be an exaggeration in either direction.
CUSUM curves react sensitively to irregularities in the
atient care process so as to be an early marker of inherent
rrors in the system. For correct interpretation of the graphs,
t is important to note that they do not reflect the patients’
ventual outcome but merely depict periprocedural
omplications.
Surgeons with little experience. Surgeon D demon-
trated an unacceptably high complication rate after 20
perations. This fact is also reflected in the absolute num-
ers (Table 2). He has left the program. Surgeon H
erforming well, but his total experience was too small to
llow for a valid statement. Surgeon C had an experience of
pproximately 60 operations and an average performance;
tatistics were still inconclusive (Figure 3).
igure 3. CUSUM charts of surgeons with little experience (with
ABLE 2. Incidence of major complications
Surgeon A Surgeon B Surgeon C Surgeon D Surg
o. of
patients
186 443 63 27 211
redicted
mortality
2.6% 3.6% 2.2% 4.5% 4
onversion 3.8% 0.9% 1.6% 3.7% 1
ortality 0.5% 0.5% 0.0% 7.4% 2
troke 0.5% 0.5% 0.0% 0.0% 0
yocardial
infarction
0.5% 0.2% 0.0% 3.7% 1
eintervention 1.6% 3.4% 1.6% 22.2% 8
ABP/ECMO 1.1% 0.5% 0.0% 3.7% 1
hythm
disorder
2.2% 0.5% 1.6% 7.4% 2
enal 0.0% 0.5% 0.0% 3.7% 0
epsis 0.0% 0.0% 0.0% 0.0% 0
ulmonary 2.2% 1.6% 4.8% 7.4% 2
leeding 5.9% 2.5% 4.8% 3.7% 3
ny of the
above
15.1% 8.8% 14.3% 29.6% 17
ABP, Intra-aortic balloon pump; ECMO, extracorporeal membrane oxygen0% and 95% boundary lines). CUSUM, Cumulative sum. s
66 The Journal of Thoracic and Cardiovascular Surgery ● Septes
Surgeons with intermediate experience. Surgeon E was
acing a steep increase in his complication rate after 70
perations. On closer analysis the main problem was a high
requency of in-hospital reinterventions (surgical or inter-
entional) for anastomosis stenosis. It is interesting that this
urgeon required only two thirds of the average operation
ime. As the surgeon became aware of the problem, the
esults improved toward the end of the period under review.
urgeon A went through the “typical” learning process up to
peration 150. After that, an upward slope of postoperative
omplications occurred mainly as the result of postoperative
leeding. The surgeon was made aware of the problem by
eing confronted with his chart and was able to draw
onclusions for future operations. The development was
imilar for surgeon G. After his 100th operation, a steep
ncrease in complications and break of the upper boundary
igure 4. CUSUM charts of surgeons with intermediate experi-
nce (with 80% and 95% boundary lines). CUSUM, Cumulative
Surgeon F Surgeon G Surgeon H All
325 153 28 1441
4.4% 3.4% 3.0% 3.6% (logistic EuroSCORE)
0.3% 7.8% 0.0% 2.1%
0.9% 0.0% 0.0% 0.9%
0.6% 0.0% 0.0% 0.4%
0.3% 0.7% 0.0% 0.6%
3.1% 2.6% 0.0% 4.0%
0.9% 0.7% 0.0% 0.9%
1.8% 2.6% 0.0% 1.7%
0.6% 0.7% 0.0% 0.6%
0.6% 0.0% 0.0% 0.2%
3.7% 2.0% 0.0% 2.6%
2.2% 3.3% 3.6% 3.5%
10.5% 17.0% 3.6% 12.8%
.eon E
.1%
.9%
.4%
.5%
.4%
.1%
.9%
.8%
.9%
.5%
.8%
.8%
.1%um.
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CDfter 150 operations were observed. The main problem was
high number of necessary conversions to sternotomy,
artly because of improper patient selection (Figure 4)
Surgeons with large experience. Approximately half of
ll MIDCAB operations at our institution were performed
y surgeons B and F. They performed and still perform the
peration on a regular basis, which results in an overall low
omplication rate and a stable performance over time (
re 5).
Influence of the frequency of operations. Some expe-
ienced surgeons showed a marked increase in perioperative
omplications after having passed the initial learning phase.
ubsequently, the influence of the frequency with which
IDCAB was performed was investigated. Examples are
hown in Figure 6. The CUSUM failure value is pl
igure 5. CUSUM charts of surgeons with large experience (with
0% and 95% boundary lines). CUSUM, Cumulative sum.The Journal of Thoracicgainst the number of the operations. In addition, the aver-
ge time between 2 operations in days (the reciprocal of the
requency of this operation) is shown by the solid line and
he scale on the right. As can be seen by the density of the
perations, surgeon F has regularly performed MIDCAB
perations and thus stabilized his failure rate around the
xpected level of approximately 10%. Surgeon A, initially
erforming MIDCAB operations regularly, also has an ini-
ial learning curve. After that, he has a stable failure rate
rom operation 25 to operation 150. With decreasing fre-
uency the failure rate increases again (Figure 6).
These figures underline the importance of regular spe-
ialized surgical practice and training.
iscussion
he importance of quality control in cardiac surgery is
idely accepted. Yet it remains a sensitive subject, because
t means dealing with failures and imperfections. On the
ther hand, the thorough analysis of failures can be a
owerful means toward improvement of overall perfor-
ance. Despite the potential for improving the quality of
urgical performance, the evaluation of human factors and
nalysis of surgical errors have found little echo in the
ardiac surgical literature. De Leval and colleagues1 pio-
eered the monitoring of surgical performance in a compre-
ensive multicenter study in pediatric cardiac surgery.
arthey and colleagues2 published a research review on t
ame topic. Novick and colleagues4,5,9 recently used th
USUM method for describing the performance of single
urgeons in off-pump coronary artery bypass grafting. The
Figure 6. Influence of the frequency of opera-
tions. The same CUSUM curves as in Figures 4
and 5 are plotted against the average time in
days (right y-axis) between 2 MIDCAB opera-
tions. Although this is not a statistically proven
method, the influence of longer time intervals
became obvious during the data analysis. CU-
SUM, Cumulative sum.and Cardiovascular Surgery ● Volume 134, Number 3 667
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CDtility of the CUSUM method has also been shown for
omparing results in transplant surgery by Rogers and col-
eagues10 and Axelrod and colleagues.11
The correlation between surgical volume and quality has
een investigated, particularly concerning postoperative
ortality. Although some groups report data that strongly
upport the concentration of certain surgical procedures to
igh-volume centers and surgeons,12-14 others question thi
vidence because of their own experience.15-18 In this study
ot only the surgical caseload and the influence on mortality
ut also the effect of changing frequency of performing
IDCABs was evaluated.
The traditional way of surgical audits with retrospective
nalysis of outcome data and statistical testing is an appro-
riate method of confirming outlying performance when the
ifference has reached a magnitude of statistic signifi-
ance.19 In contrast, with CUSUM failure analysis, sud
hanges in postoperative patient outcome can be detected
uickly, and surgeons can be made aware of a deterioration
n their performance. CUSUM charts are easily calculated,
nd their interpretation allows for an “online” monitoring of
urgical performance.
Limitations of this study include its retrospective nature
n the beginning. From 2005 onward, data were entered
rospectively. No risk adjustment was applied. The theo-
etic and practical advantages of using risk-adjusted curves
ave been well described.3,20 They are particularly usefu
henever an appropriate risk model is available (eg, Euro-
CORE for predicted perioperative mortality). In a recent
ublication, Novick and colleagues20 applied an institu-
ional logistic regression model for adverse outcome to
alculate risk-adjusted CUSUM curves. They found an ad-
antage over the non–risk-adjusted curves, particularly in
voiding inappropriate alarm signals, although the clinical
ignificance was only moderate. However, a risk-adjusted
nalysis can only be as good as the underlying risk predic-
ion model. For retrospective data such as in the current
tudy, we were reluctant to apply a similar risk prediction
odel because not all possible influencing factors were
ecorded.
The 3 major conclusions of this study are as follows: (1)
ven for experienced surgeons, there is a learning curve for
he MIDCAB procedure that levels after approximately 100
perations. (2) Thereafter, performance depends not only on
he absolute number of the performed operations (“high
olume history”) but also on the frequency; that is, the level
f skill will not automatically be maintained. (3) Techni-
ally demanding operations such as the MIDCAB procedure
ight not be opportune for every surgeon. These conclu-
ions seem logical and self-evident; however, CUSUM
nalysis comparing the results of different surgeons pro-
ides scientific and statistic evidence for these widely ac-
nowledged presumptions.
68 The Journal of Thoracic and Cardiovascular Surgery ● Septeonclusions
IDCAB has proven to be an excellent method for single-
essel coronary artery disease with a low overall complica-
ion rate, a high patency rate, and an excellent long-term
urvival.21 Still, there is room for improvement. Data 
ow being updated on a monthly basis and presented to the
nvolved surgeons. Future analyses will show the value of
his practice.
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ppendix
dapted from Rogers and colleagues.3 CUSUM charts and bound-
ry lines were constructed using 4 parameters:
p0 the acceptable complication rate (in this article p0  0.1)
p1 the unacceptable complication rate (in this article p1  0.2)
 probability of false alarm, ie, error of assuming that the
omplication rate has increased to p1 when, in fact, it has not (in
his article   0.05 and   0.2 for upper boundaries)
 probability of false reassurance, ie, error of assuming that the
omplication rate has not increased when, in fact, it has (in this
rticle   0.05 and   0.2 for lower boundaries)
The Journal of ThoracicIf Xi indicates the outcome of the operation I, with Xi  1 if a
erious adverse event occurred and Xi  0 if it did not, the
USUM of adverse events was defined as
(1) Sn  i1n Xi  p0
The upper boundary l1 (to detect an increase from p0 to p1) and
he lower boundary l0 (to assume a failure rate equal or less than
0) with an odds ratio corresponding to an increase in event rate
rom p0 to p1 were calculated as
(2) l1  i x (sp0)  h1 and
(3) l0  i x (sp0)  h0
with
(4) s 
ln1p01p1
lnOR
(5) lnOR  lnp11p0
p01p1
(6) h0 
ln1 
lnOR
(7) h1 
ln1 lnOR
and Cardiovascular Surgery ● Volume 134, Number 3 669
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CDFigure E1. CUSUM failure chart of a typical learning curve. The curve was constructed as cumulative observed
minus expected failure graph using an acceptable failure rate of 10% (p0 0.1). The unacceptable failure rate was
set to 20% (p1 0.2) for the boundary lines, the probability  of concluding that the failure rate has increased when
it has not (false-positive) was set to 5% (  0.05), and the probability  of concluding that the failure rate has
not increased when it has (false-negative) was set to 5% (  0.05). The typical learning curve of a surgeon
consists of an incline (I) indicating a failure rate higher than p0, a horizontal run (II) with a failure rate around p0,
and, with growing experience, a typical decline (III) for a failure rate less than p0. As long as the curve stays in
between the boundary lines (area A) the process is statistically inconclusive. If it crosses the upper boundary
(toward area B), the conclusion that the failure rate has increased to an unacceptably high level p1 can be made
(with the uncertainty ). On the other hand, if the curve enters area C it is statistically significant that the failure
rate is p0 or less (with the uncertainty ).
Figure E2. After the typical learning process and the lower boundary was crossed, the process seems to be
completely in control. After approximately operation 150, an obvious accumulation of failures occurs. The surgeon
has built up a credit; thus, the CUSUM curve only enters the inconclusive zone.
Figure E3. Several authors3 recommend resetting the zero line and the boundaries once the lower boundary is
crossed. This way, the visually obvious increase in the failure rate becomes statistically evident.69.e1 The Journal of Thoracic and Cardiovascular Surgery ● September 2007
